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Abstract 
Fluorocarbons often have distinct miscibility properties compared to their non-fluorinated analogues. These 
differences may be attributed to van der Waals dispersion forces or solvophobic effects, but their contributions 
are notoriously difficult to separate in molecular recognition processes. Here, we have employed molecular 
torsion balances to compare cohesive alkyl and perfluoroalkyl interactions in a range of solvents. A simple 
linear regression enabled the energetic partitioning of solvophobic and van der Waals forces in the self-
association of apolar chains. The contributions of dispersion interactions in apolar cohesion were found to be 
strongly attenuated in solution compared to the gas phase, but still play a major role in fluorous and organic 
solvents. In contrast, solvophobic effects were found to be dominant in driving the association of apolar 
chains in aqueous solution. The results are expected to assist the computational modelling of van der Waals 
forces in solution. 
 
Main text 
The introduction of fluorine into organic compounds can have a profound influence on physiochemical 
properties.[1] Organofluorine chemistry plays an important role in medicinal chemistry, which is due in part to 
specific interactions involving fluorinated functional groups.[2] Meanwhile, fluorous synthetic strategies 
exploit the orthogonal miscibility of perfluorinated solvents with many organic and aqueous phases.[3] This 
fluorophilic/phobic effect has also been exploited in chromatographic separation,[4] proteomics,[5] 
carbohydrate microarrays,[6] and in the assembly of functional materials.[7] Many of the intriguing properties 
of organofluorine compounds can be attributed to the low polarizability of fluorine, which diminishes their 
ability to participate in van der Waals dispersion interactions compared to hydrocarbons.[1-2, 8] However, 
determining the significance of dispersion forces in molecular recognition events occurring in solution is 
challenging due to the multiple factors contributing to non-covalent interactions.[8b, 9]  
Here, we seek to address this challenge in the context of alkyl- alkyl and perfluoroalkyl-perfluoroalkyl 
cohesion using synthetic molecular torsion balances. Molecular torsion balances have proven invaluable tools 
in the study of weak non-covalent interactions due to the sensitivity of conformational equilibria to solvent 
effects and intramolecular interactions.[2d, 10] For example, derivatives of Wilcox and co-workers’ molecular 
torsion balance (Figure 1) have been used to investigate edge-to-face aromatic interactions,[11] orthogonal 
carbonyl interactions,[2b, 2c, 12] the hydrophobic effect,[13] and van der Waals interactions.[10a, 11b] In the Wilcox 
torsion balance shown in Figure 1, the hindered biaryl bond rotates slowly on the NMR timescale at room 
temperature, meaning that the equilibrium constant, K (and therefore the free energy difference between 
conformational states, G) can be determined by integration of distinct peaks in 1H NMR spectra 
corresponding to the unfolded and folded conformers. 
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Figure 1. Molecular torsion balances (±)-1H and (±)-1F form alkyl-alkyl and perfluoroalkyl-perfluoroalkyl 
contacts in their folded conformations respectively. Control compounds (±)-2H to (±)-4H and  (±)-2F to (±)-
4F in which one or both of the alkyl groups are removed allow the magnitudes of alkyl-alkyl and 
perfluoroalkyl-perfluoroalkyl interactions in torsion balances (±)-1H and (±)-1F to be determined using 
Equations 1 and 2, respectively. 
 
Inspired by these previous studies, we reasoned that comparing the intramolecular chain-chain interactions in 
(±)-1H and the fluorinated analogue (±)-1F would enable a comparative investigation of the physicochemical 
origins of hydrocarbon and fluorous cohesion (Figure 1). The X-ray and calculated minimized structures of 
compounds (±)-1H and (±)-1F indicate that they are respectively able to accommodate extended 
intramolecular alkyl-alkyl or perfluoroalkyl-perfluoroalkyl contacts in the folded conformation (Figure S2). It 
follows that cohesive forces between the chains will influence the position of the conformational equilibrium, 
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K indicated in Figure 1. Since both alkyl and perfluorinated alkyl chains have particularly apolar electrostatic 
surface potentials (Figure S1), interactions between the chains will be dominated by solvophobic effects and 
van der Waals interactions. However, perfluoroalkyl and alkyl chains should be expected to have rather 
different propensities to form dispersive van der Waals interactions. 
The isolated folding free energies of (±)-1H and (±)-1F are not sufficient to determine the strength of cohesive 
interactions between the chains, since other secondary interactions and solvent effects also influence the 
conformational equilibrium. Nonetheless, it is possible to estimate the cohesive chain-chain interactions of 
interest by comparing the behaviour of (±)-1H and (±)-1F to control compounds lacking one or both of the 
interacting chains. Previous work has shown that substituting an alkyl chain for a proton has a minimal effect 
on the electrostatic potential of an aromatic ring (Figure S1), making (±)-2H to (±)-4H appropriate controls 
for dissecting out the strength of alkyl-alkyl interaction in (±)-1H using Equation 1.[10a] Similarly, calculated 
electrostatic potentials show that the CF3 group has almost identical substituent effects as a perfluorohexyl 
group (Figure S1). Thus, control compounds (±)-2F to (±)-4F were synthesized as controls to measure the 
extended perfluoroalkyl-perfluoroalkyl interactions contained within (±)-1F using Equation 2. 
Experimental free folding energies of (±)-1H to (±)-4H and (±)-1F to (±)-4F were obtained in 31 solvents and 
solvent mixtures (Figure S4, Tables S2-S3). In line with previous work, the experimental energies were found 
to be an order of magnitude less favourable than those calculated using gas-phase methods that take dispersion 
forces into account (Table S1).[9e] The largest solvent-dependent folding energy variations were seen for 
balances (±)-1H and (±)-1F, while those of the control balances (±)-2H/F to (±)-4H/F (which lacked the 
ability to form intramolecular chain-chain interactions) varied to a lesser extent (Figure S4). While no method 
of dissecting the energetic contributions of individual functional group interactions is ideal,[11g 14] this 
observation supports the use of Equations 1 and 2 for estimating the magnitude of the alkyl-alkyl (GH) and 
fluoroalkyl-fluoroalkyl interactions (GF) of interest. Furthermore, errors associated with the energy 
dissection are fully accounted for in the error bars shown in Figure 2a since they are determined directly from 
the standard deviations in the energies of the control balances (see error analysis in the SI). These dissected 
GH and GF energies had magnitudes of < ±2 kJ mol–1 (Figure 2a), consistent with a large tempering of 
intramolecular dispersion forces due to competitive dispersion interactions with the solvent.[8b, 9c, 15] Thus, 
further analysis is required to determine whether the remaining differences in dispersion forces make any 
discernible contribution to the observed interaction energies. 
Inspection of the experimental interaction energies as the solvent is varied provides insights into the forces 
driving the self-association of apolar chains. In the tetrahydrofuran/water mixtures, the alkyl-alkyl (GH) and 
perfluoroalkyl-perfluoroalkyl (GF) interaction energies were very similar (Figure 2a, bottom). The finding 
appears to be consistent with that of Whitesides et al who found that alkyl and fluoroalkyl chains had similar 
hydrophobicities in carbonic anhydrase binding.[16] However, it should be noted that absolute comparison of 
the interaction energies is not possible in the present systems because the contact surface areas of the dissected 
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alkyl-alkyl and perfluoroalkyl-perfluoroalkyl interactions are not necessarily the same (due to differences in 
the size of the F vs H atoms and differences in the lengths of the chains employed). More significant is the 
finding that the GH and GF values measured in the present study correlate with solvent cohesive energy 
density (ced) for organic and aqueous solvents (Figure 3a, Table S4). This is consistent with an important role 
for cohesive (solvophobic) solvent-solvent interactions in the self-association of alkyl and perfluoroalkyl 
chains.[9c, 9e, 17] 
 
 
Figure 2. a) Experimental cohesive interaction energies measured between alkyl chains, GH (purple) and 
perfluoroalkyl chains, GF (green) using molecular balances (±)-1H to (±)-4H and (±)-1F to (±)-4F and 
Equations 1 and 2, respectively. All solvent mixtures are reported in % v/v. b) Dissected solvophobic 
(Gsolvophobic) and c) van der Waals (Gvdw) free energy contributions to alkyl-alkyl (light purple) and 
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perfluoroalkyl-perfluoroalkyl cohesion (light green), determined by fitting experimental free energies to the 
simple model given by Equation 3. All data, error values, and those of other solvent mixtures are presented in 
the SI. Deuterated solvents were used in place of all protic solvents. *The value for perfluorohexane was 
extrapolated from data obtained in perfluorohexyliodide/perfluorohexane mixtures (Figures S5-S8). 
 
 
Figure 3. Correlation of experimental alkyl-alkyl (GH) and perfluoroalkyl-perfluoroalkyl (GF) interaction 
energies plotted against a) solvent cohesive energy density (fluorous solvent outliers indicated with hollow 
points), b) bulk solvent polarizability (water/THF outliers indicated with hollow points), and c) free energies 
predicted from linear regression analysis where both solvent cohesive energy density and bulk solvent 
Page 6 of 10 
polarizability are taken into account according to Equation 3. All plotted data and errors are provided in the 
supporting information. Bulk polarizability, P  is related to molecular polarizability,  by the equation, PVm = 
4/3N where Vm is the molar volume and N is the number of molecules per unit volume.[19] 
 
However, solvophobic effects do not adequately explain the GH and GF values measured in fluorous 
solvents, which are moderate outliers (in different directions) on the cohesive energy density correlations 
(hollow circles, Figure 3a). Solvophobic effects are also unable to account for the symmetry inversion in the 
patterns of GH and GF on moving from fluorous to apolar organic solvents (Figure 2a, top left). Instead, 
these differences suggest an important role for van der Waals dispersion forces in governing molecular 
behaviour, despite considerable solvent-mediated attenuation of dispersion interactions compared to the gas 
phase.  
Molecular polarizabilities have previously been used to rationalize the role of dispersion forces in molecular 
interactions.[9d, 18] However, the dispersive interactions of a solvent are best described by bulk polarizability, 
P.[19] The opposing gradients of the plots of P against GH and GF (Figure 3b, black points) reveal the 
contrasting competitive influence of solute-solvent dispersion interactions on the self-association of 
perfluoroalkyl and alkyl chains. Meanwhile, the results obtained in water/tetrahydrofuran mixtures are outliers 
in Figure 3b (hollow circles) due to the large contributions from solvophobic effects. 
The correlations in Figures 3a and 3b indicate that both van der Waals dispersion forces (a function of P) and 
solvophobic effects (a function of ced) make significant contributions to the experimental GH and GF 
interaction energies. Thus, a linear regression analysis of the experimental data was performed to dissect the 
solvophobic (Gsolvophobic) and van der Waals (Gvdw) contributions to GH or GF as follows: 
 
GH or GF = Gsolvophobic + Gvdw 
GH or GF = Gsolvophobic + Gvdw (solv. dependent) + Gvdw (solv. independent) 
GH or GF = a (ced)       +          b (P)           +        c      (Eqn. 3) 
 
Each set of GH and GF values (measured in 31 different solvents and solvent mixtures, Tables S2-S3) was 
independently fitted to Equation 3 to determine the corresponding a, b, and c coefficients for alkyl and 
perfluoroalkyl cohesion. a (ced) encoded the Gsolvophobic term, b (P) encoded the solvent-dependent 
component of Gvdw, while c encoded the solvent-independent component of Gvdw (i.e. direct intramolecular 
chain-chain interactions and sterics). Excellent agreement was seen between the experimental GH and GF 
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values and those given by fitting to Equation 3 (GH/F, equation 3) supporting the validity of the model 
represented by Equation 3 (R2 = 0.90 and 0.93, Figure 3c). 
The dissected solvophobic (Gsolvophobic = a (ced)) and van der Waals contributions (Gvdw = b (P) + c) to the 
experimental chain-chain interaction energies are plotted graphically in Figures 2b and 2c as the solvent was 
varied. Solvophobic contributions were found to be very similar for the alkyl-alkyl and perfluoroalkyl-
perfluoroalkyl contacts examined in our systems, and were dominant in polar and aqueous solvents (hence the 
correlations with cohesive energy density, Figure 1a). However, Figures 2b and 2c indicate that differences in 
dispersion interactions have a dominant influence in fluorous and apolar organic solvents (where cohesive 
solvent interactions are weak). This explains the inverted symmetry of the interaction trends for perfluoroalkyl 
vs. alkyl cohesion in fluorous and apolar solvents as the bulk polarizability of the solvent is varied (Figures 
2a, top and 3b). 
In conclusion, we have used molecular torsion balances to measure alkyl-alkyl and perfluoroalkyl-
perfluoroalkyl cohesive interactions in a wide range of solvents. A simple linear regression allowed 
solvophobic and van der Waals dispersion contributions to the self-association of apolar chains to be 
dissected. Both van der Waals interactions and solvophobic effects were found to make significant 
contributions to the self-association of apolar chains. As a first approximation, solvophobic effects were most 
important in aqueous and the highly polar organic solvents, while differences in van der Waals dispersion 
forces were most important in apolar organic and fluorous solvents. Comparison of the experimental data with 
gas-phase calculations shows that competitive solvent interactions strongly attenuate the dispersion forces 
between apolar chains. However, the extent of this attenuation is dependent on the bulk polarizability of the 
solvent, which is manifested in experimental differences in the cohesion of alkyl vs. perfluoroalkyl chains as 
the solvent is varied. These measurements provide fundamental insights into the mechanisms of apolar self-
association in solution and have implications for the fields of supramolecular chemistry, fluorous synthesis, 
the nanoscale assembly of materials, and the computational modelling of non-covalent interactions in solution. 
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